The effects of dietary docosahexaenoic acid (DHA, C22:6 n -3) connecting phospholipids on the learning ability and fatty acid composition of the brain were investigated in hypercholesterolemic mice. ICR mice were subjected to a very low level of n -3 fatty acids through two generations. At 4 wk of age, the F 1 generation, n -3 fatty acid deficient male mice were provided with an experimental diet containing four kinds of lipids (safflower oil: Saf, DHA connecting triacylglycerols: DHA-TG, DHA connecting phospholipids: DHA-PL, soybean phospholipids: Soy-PL) for 5 wk. Another group of ICR mice were obtained and fed a commercial diet (CE-2, CLEA Japan, Inc.) as a control. The learning and memory abilities of the mice were evaluated by the modified avoidance procedure. The learning and memory ability level was significantly higher in mice fed the DHA-PL diet than in those fed the Saf and Soy-PL diets, and was the same level as the control. The DHA levels of phosphatidylethanolamine in the brain were significantly higher in the mice fed the two types of DHA-containing diets than in those fed the Saf and Soy-PL diets and was not significantly different between DHA-TG and DHA-PL. The dimethylacetal levels in the brain were significantly higher in the mice fed the DHA-PL diet than in those fed the Saf and DHA-TG diets. These results suggest that the dietary DHA connecting phospholipids have the effect of improving memory learning, and may be related to the both the DHA and plasmalogen levels in the brain.
The n -3 polyunsaturated fatty acids (PUFA), especially docosahexaenoic acid (DHA), have various physiological functions, such as prevention of cardiovascular disease ( 1 ), lowering of plasma lipids ( 2 ) and improving memory learning ( 3 ) . Most of these studies used the DHA connecting triacylglycerols (DHA-TG) or their ethyl esters; however, it has recently been reported that the DHA connecting phospholipids (DHA-PL) have some peculiar functions such as anti-inflammatory actions ( 4 ) , improving the deformability of human erythrocytes in microchannels ( 5 ) , and promoting the cell differentiation of erythroleukemia cancer cells ( 6 ) .
In our previous study ( 7 ) , which compared the effects of the PL and TG types of dietary DHA on the lipid peroxidation of the brain in STZ-induced diabetic mice, the DHA-PL diet group showed antioxidant activity in the brain lipid, and the plasmalogen level of the brain was higher than that of the DHA-TG group. Therefore, we suggested that the effect of the antioxidant activity of the brain lipid was related to the plasmalogen concentration.
There are several reports that the plasmalogen concentration in blood is related to aging, dementia and hyperlipidemia. The ethanolamine plasmalogen levels of the serum have been shown to be lower in dementia patients of the Alzheimer's type ( 8 ) and significant negative correlations between age and the plasmalogen level of the erythrocyte membrane and plasma phospholipids have been obtained ( 9 ) . In addition, a negative correlation of serum triacylglycerol (TG) with the plasmalogen level was also detected in patients with impaired carbohydrate or lipid metabolism ( 10 ) . Perkings et al. ( 11 ) reported that serum antioxidant levels were associated with poor memory performance in the elderly. Oxidative stress has been implicated both in the aging process and in the pathological changes associated with Alzheimer's disease (12) (13) (14) . Therefore, if DHA-PL intake enhances the plasmalogen level and prevents oxidative stress in the brain, it is suggested that DHA-PL intake may improve learning and memory abilities.
In this study, the effect of dietary DHA-PL on learning and memory abilities, and fatty acid and plasmalogen levels were compared to dietary DHA-TG and soybean phospholipid (Soy-PL) in mice. We used hypercholesterolemic mice in this study because Hossain et al. ( 15 ) reported that the lipid peroxidation of the brain was increased in the hypercholesterolemic rats. In addition, the plasmalogen may be related to oxidative stress.
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MATERIALS AND METHODS
Diets . Ovaries of the skipjack tuna Euthynnus pelamis were obtained from a katsuo-bushi factory. The skipjack ovary lipids were extracted using Bligh and Dyer's method modified by Hanson and Olley ( 16 ) , and then the phospholipid was separated using a Sep-pak silica cartridge (10 g; Waters, Tokyo, Japan). The lipid class composition of the phospholipid obtained, measured according to the method of Bartlett ( 17 ) , was 34.3% phosphatidylcholine (PC), 34.2% lysoPC, 14.8% sphingomyelin, 10.7% phosphatidylethanolamine (PE), and 6.0% others. DHA oil was purchased from Nihon Suisan, Inc. (Tokyo, Japan) and high oleic safflower oil (Saf) was purchased from the Ajinomoto Co., Inc. (Tokyo, Japan). Soybean phosphatidylcholine and snglycero-3-phosphocholine were from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The skipjack ovary phospholipid (DHA-PL) and DHA oil (DHA-TG) were mixed with safflower oil to give a DHA content of 2% of the total lipids. DHA-PL and soybean phosphatidylcholine (Soy-PL) were also mixed with safflower oil to give a phospholipid content of 11.9% of the total lipids. The fatty acid content of the experimental lipids is shown in Table 1 . A total of 4.8 g sn -glycero-3-phosphocholine was added to the safflower and DHA-TG diets to give equivalent phospholipids. The DHA-PL diet included 103 mg/100 g lipid of dimethylacetal from the plasmalogen. The ␣ -tocopherol content in each diet was adjusted to 30 mg/kg. The lipid peroxide levels of all experimental diets were less than 0.3 meq/kg (data not shown). The composition of the experimental diet was as follows (g/kg diet): casein, 230; cornstarch, 430; sucrose, 200; AIN-76 mineral mixture, 35; AIN-76 vitamin mixture, 10; cellulose powder, 20; DL -methionine, 3; choline bitartrate, 2; lipid, 50; cholesterol, 15; sodium cholate, 5. Sucrose was purchased from the Maruha Nichiro Foods, Inc. (Tokyo, Japan). DL -Methionine and choline bitrartrate were from Wako Pure Chemical Industries, Ltd.
Animals. All animals used in the experiments were maintained in a controlled temperature room at 23 Ϯ 1˚C, and 50-60% relative humidity with a 07:00-19:00 light cycle. All animal procedures were performed in accordance with the guidelines of the Shizuoka Prefectural Research Institute of Fishery for the ethical treatment of laboratory animals. Female ICR mice (F 0 ) at 3 wk of age were obtained from Japan SLC, Inc. (Shizuoka, Japan). The mice were fed the n -3 fatty acid deficient diet (safflower oil) for 6 wk and were mated at 9 wk of age. The male mice obtained were fed a commercial diet (CE-2, CLEA Japan, Inc.). At 4 wk of age, the male pups (F 1 ) were divided into four dietary groups of twelve mice each (Saf, DHA-TG, DHA-PL, Soy-PL). Other 4-wk-old male ICR mice were obtained and fed a commercial diet as a control. The learning and memory ability test was started at 8 wk of age and the open field test was performed at 9 wk of age. After the open field test, all mice were fasted for 18 h, and then anesthetized with diethyl ether. Whole blood was collected from a cervical wound and the brains were removed and placed in cold methanol containing 0.03% butylated hydroxytoluene (BHT). The blood serum, livers and brains were stored at Ϫ 70˚C until analysis.
Learning and memory ability test. The learning and memory ability test of the mice at 8 wk of age was evaluated using the modified avoidance procedure with a shuttle box (step-through) that consisted of two equal compartments (15 ϫ 15 ϫ 15 cm) connected by a guillotine door. One of the compartments was lit while the other was dark. In the first trial, each mouse was placed in the dark compartment, and after a brief orientation period (10 s), the guillotine door was raised to allow the mouse to freely explore the setup. After 5 min, once the mouse had entered the dark compartment, the door was lowered and an electric shock was applied to the floor grids for 2 s. After 1 wk, the same procedure except for the electric shock, was carried out again (the second trial). The total time the mouse spent in the dark compartment and the total number of crossings from one compartment to the other were recorded.
Open Serum cholesterol and triacylglycerol . The concentrations of the total cholesterol, HDL-cholesterol and triacylglycerol were enzymatically determined using a commercial kit (Cholesterol E-test, HDL-cholesterol E-test, triacylglycerol E-test, Wako Pure Chemical Industries, Ltd.). The LDL-cholesterol concentration was calculated as follows: LDL cholesterol ϭ total cholesterol Ϫ HDL-cholesterol Ϫ triacylglycerol/5. Fatty acid and dimethylacetal . The total lipids in the brain and liver were extracted according to Bligh and Dyer's method modified by Hanson and Olley ( 16 ) . The phospholipid classes of the total lipids in the brain were separated by thin-layer chromatography (TLC) on silica gel plates with chloroform/methanol/water (65 : 35 : 6 by vol.) as the developing solvent. Each band was detected under saturated iodine gas, and scraped off from the PE and PC band on the plate. The separated PE and PC were converted to fatty acid methyl ester (FAME, from diacyl type) and dimethylacetal (DMA, from plasmalogen type) by direct transesterification with methanol containing 1% concentrated hydrochloric acid for 2.5 h at 85˚C as previously described ( 18 ) . The FAME and DMA were separated by gas chromatography using a flame ionization detector (GC-14A; Shimadzu Corporation, Kyoto, Japan). The chromatograph was equipped with a fused silica capillary column, TC-WAX (30 m ϫ 0.25 mm i.d.; GL Science Co., Ltd., Tokyo, Japan). The carrier gas was helium with a split injection of 50 : 1. The temperature profiles were as follows: initial temperature, 170˚C; heating rate, 1˚C/min; final temperature, 225˚C (final time, 15 min); injector temperature, 250˚C; and detector temperature, 270˚C. The FAME and DMA were identified by comparison of their retention times with standards, and also by gas chromatography-mass spectrometry (GC-MS). The GC-MS analysis was done after oxazoline derivatization ( 19 ) by a Shimadzu QP-5000 GC-MS system using a Supelco Omegawax 320 column (30 m ϫ 0.32 mm). The temperature was set at 260˚C (column), 200˚C (interface), and 200˚C (ionization chamber). The ionization voltage was 70 eV. The DMA were identified by the characteristic peak of the DMA fragment at m / z 75 (CH (OCH 3 ) 2 ).
Statistical analysis . All results were expressed as the means Ϯ SE, and statistical significance was determined by a Student's t -test and one-way analysis of variance (ANOVA) using SPSS 11.5J for Windows. When the Ftest was significant, comparisons between the groups were done using Tukey's multiple range test. The significance level was set at p Ͻ 0.05.
RESULTS

Body weight and food consumption
There were no significant differences in the average final body weights (36.0-37.1 g). The average food consumptions were between 3.8 and 4.0 g/d by the mice in the five groups and there were no significant differences among the groups (data not shown).
Relative liver weight , lipid contents of brain and liver , serum cholesterol and triacylglycerol
The relative liver weight, the lipid contents of the brain and liver, and the concentrations of serum cholesterol and triacylglycerol of the mice are shown in Table  2 . The relative liver weights, liver lipid contents, serum total and LDL cholesterols were significantly higher in the mice fed the four experimental diets (hypercholesterol diets) than in those fed the control diet, and the LDL cholesterol concentration was significantly lower in the mice fed the DHA-PL diet than in those fed the Saf and Soy-PL diets. There were no significant differences in relative liver weights, liver lipid contents or serum total cholesterol concentrations among the four experimental diet groups. There were no significant differences in the brain lipid contents, serum HDL cholesterol or triacylglycerol concentrations among the five groups.
Learning and memory abilities
The total mean time the mice from each group spent in the dark compartment during the 5 min test is shown in Fig. 1 . In the first trial, there were no significant differences in the times among the five groups. In the second trial, the total time the DHA-PL diet mice spent in the dark compartment was significantly shorter than that of the Saf and Soy-PL diet groups, and that of the Saf, DHA-TG and Soy-PL groups were significantly longer than that of the control. The total number of times a mouse crossed from one compartment to the other during the 5 min test is shown in Fig. 2 . In the first trial, the total number of crossings from one compartment to the other in the four experimental diet groups was more than that of the control and there were no significant differences between the four experimental diet groups. In the second trial, there were no significant differences among the five diet groups.
Open field test
There were no significant differences in movement times (Saf: 58.7Ϯ3. 4 
Fatty acid and dimethylacetal (DMA) of the phospholipids in the brain
The fatty acid and dimethylacetal compositions of PE and PC in the brain of the mice are shown in Tables 3  and 4 , respectively. The levels of the polyunsaturated fatty acid (PUFA) tended to be higher in the PE than in the PC. In both the PE and PC, the fatty acid compositions of the brains of the mice were affected by their diets; that is, the levels of C20:4n-6, C22:4n-6 and C22:5n-6 were significantly higher in mice fed the Saf and Soy-PL diets than in those fed the two types of DHA diets. However, the levels of C22:6n-3 in the Saf and Soy-PL diet groups were significantly lower than those in the two types of DHA diet groups. The C16:0DMA, C18:1n-9DMA and C18:1n-7DMA levels were significantly higher in the mice fed the DHA-PL diet than in those fed the Saf diet. The total DMA level was significantly higher in mice fed the DHA-PL diet than in those fed the Saf and DHA-TG diets. The ratios of C16:0 and C18:0DMA to the corresponding fatty acid methyl esters (DMA/FAME) were significantly higher in mice fed the DHA-PL diet than in those fed the Saf diet. The DMA/FAME of C18:1n-9 and C18:1n-7 were significantly higher in mice fed the DHA-PL diet than in those fed the Saf and DHA-TG diets.
DISCUSSION
It has been previously reported in several studies that n-3 fatty acid intake improved the learning and memory abilities of rats or mice, shown by maze behavior tests (20, 21) , brightness-discrimination learning tests (22) , eight-arm radial maze tests (23) , and Morris water maze tests (24) . In these studies, it was considered that the n-3 fatty acid intake enhanced the brain DHA level, and as a consequence, the fluidity of the synaptic membrane increases and the learning ability improves (25) .
In the present study, the effects of the PL and TG types of dietary DHA on the learning and memory abilities of the n-3 fatty acid deficient hypercholesterolemic mice using a shuttle box (step-through) were compared. When the learning ability of mice is measured by an avoidance test using a shuttle box setup, passive or active avoidance methods are often used (26) (27) (28) . In both avoidance methods, the mouse is first given an electric shock in the dark compartment. In the passive avoidance method, after the mouse is placed in the lit compartment, the time it stays there before moving to the dark compartment is measured. The active avoidance method examines the successful avoidance response in which the mouse moves from the dark compartment to the other compartment within the prescribed time. However, mice, especially young ones, show much more exploratory behavior than rats. Thus, from the results of both avoidance methods, it is difficult to understand whether the mouse behavior is avoidance or exploration. For this reason, the time the mouse stayed in the dark compartment during the 5 min test was measured to provide an index of learning ability in the present study. Based on the results of this study, there were no significant differences in the time the mouse stayed in the dark compartment among the five diet groups in the first trial. After the mouse was given the electric shock, the time spent in the dark compartment by the DHA-PL diet group was significantly shorter than that of the Saf and Soy-PL diet groups, and was not significantly different when compared to the control group whose behavior is considered to be normal. However, the time the DHA-TG diet group spent in the dark compartment was significantly longer than that of the control group. In addition, no significant differences in the total number of crossings from one com- partment to the other or the locomotion times in the open-field test were observed among the five diet groups. Therefore, the difference in the times spent in the dark compartment is not due to differences in exploratory or motor activities. Thus, we concluded that the DHA-PL diet group has the highest learning ability among the four experimental diet groups. In the present study, the two types of DHA-containing diet groups were compared, and there were no significant differences in the DHA levels of the PC or PE in the brain, while the total DMA and C18:1(DMA/FAME) levels were significantly higher in the mice fed the DHA-PL diet than in those fed the DHA-TG diet. This suggests that the plasmalogen levels of the PE in the brain of the DHA-PL diet group were higher than those of the DHA-TG diet group. Several studies on the effects of the differences of the DHA molecular types on the DHA level of the serum or brain have been reported. When the rats were injected with the labeled DHA into the tail vein, the lyso PC type of DHA was preferentially recovered in the brain over the unesterified type of DHA (29, 30) . In the studies of rats or mice fed the TG and PL types of DHA diets, the DHA levels in the brain and liver of the DHA-TG diet group were significantly higher than those of the DHA-PL diet group (31, 32) . However, in the present study and our previous study (7) , in which diabetes was induced in mice using streptozotocin, there were no significant differences in the DHA levels of the brains between the DHA-TG and DHA-PL diet groups. It is considered that several factors, such as the ratio of n-3/n-6 and the exact intake of DHA, affect DHA level of each organ when an experiment using dietary DHA is carried out. Therefore, the relationship between the intake of the different types of DHAs and the DHA level of each organ could not be determined.
In both this and our previous study, the plasmalogen levels of brain PE were significantly higher in the mice fed the DHA-PL diet than in those fed the DHA-TG diet. PE in the brain has a relatively high proportion of DHA and its main sub-class is plasmalogen (33) . The function of plasmalogen is not known; however, according to recent studies, plasmalogen in the PE has an antioxidant action in lowering the ability of cholesterol to be oxidized in the phospholipid bilayers as well as in the entire membranes (34, 35) . In addition, it has been reported that the plasmalogen concentration in the blood plasma is significantly reduced by aging and hyperlipidemia (36) and the ethanolamine plasmalogen levels of serum were lower in dementia patients of the Alzheimer's type (8, 37) . Based on these studies, it is considered that plasmalogen has some important functions in vivo, especially antioxidant action for maintaining and improving brain functions. Therefore, it is suggested that the improvement of memory and learning abilities may be related to both the DHA and plasmalogen levels in the brain.
In this study, the DHA-PL diet contained plasmalogen (10.3 mg/kg DMA in the diet). The vinyl ether double bonds in the plasmalogen are known to be sensitive to acid; however, Nishimura et al. (38) demonstrated that dietary plasmalogen was absorbed from the intestine in rats. Thus, it is suggested that plasmalogen in the dietary DHA-PL was supplied to the brain. However, it could be that the normal type (di-acyl) of phospholipids and not the plasmalogen intake may cause the brain plasmalogen levels to increase. The total DMA levels in the brain appeared to be higher in mice fed the phospholipid-containing diet groups (in both DHA-PL and Soy-PL) than in those fed the triacylglyecerol diet groups (DHA-TG and Saf) in the present study. Nagan and Zoeller (33) reported on the biosynthetic pathway for the ethanolamine plasmalogens. According to the report, the ethanolamine plasmalogens are biosynthesized through seven reactions from the long chain acylCoA in the brain. Therefore, it was considered that if ethanolamine is supplied to the brain, the ethanolamine plasmalogen could be biosynthesized by the diacylglycerol ethanolamine phosphotransferase (catalyzing the attachment of the phosphoethanolamine in the sn-3 position) and ⌬1′-desaturase (catalyzing the insertion of a double bond between the C1 and C2 of the alkyl chain) in the brain. Further investigations on the relationships between the dietary components and the regulation of the plasmalogen biosynthesis are needed.
In conclusion, the results of this study indicate that the dietary DHA connecting phospholipids improve memory learning, which may be related to the both the DHA and plasmalogen levels in the brain.
